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Description 

[0001] The present invention relates to a lithographic 
apparatus and a method of compensating for thermal 
deformation in a lithographic apparatus. 
[0002] A lithographic apparatus is a machine that ap- 
plies a desired pattern onto atarget portion of a substrate. 
Lithographic apparatus can be used, for example, in the 
manufacture of integrated circuits (ICs). In that circum- 
stance, a patterning means, such as a mask, may be 
used to generate a circuit pattern corresponding to an 
individual layer of the IC, and this pattern can be imaged 
onto a target portion (e.g. comprising part of, one or sev- 
eral dies) on a substrate (e.g. a silicon wafer) that has a 
layer of radiation-sensitive material (resist). In general, 
a single substrate will contain a network of adjacent target 
portions that are successively exposed. Known litho- 
graphic apparatus include so-called steppers, in which 
each target portion is irradiated by exposing an entire 
pattern onto the target portion in one go, and so-called 
scanners, in which each target portion is irradiated by 
scanning the pattern through the projection beam in a 
given direction (the "scanning"-direction) while synchro- 
nously scanning the substrate parallel or anti-parallel to 
this direction. 

[0003] A lithographic apparatus includes components, 
such as radiation sources, that generate heat. Other el- 
ements in the lithographic apparatus, such as support 
frames and optical and other elements are subject to a 
thermal load from the heat generating components. It 
has been found that the thermal loads experienced by 
certain elements in the lithographic apparatuses com- 
promises the imaging quality of the apparatus. It is an 
object of the present invention to address this problem. 
[0004] Further, to reduce the size of features that can 
be imaged using a lithographic apparatus, it is desirable 
to reduce the wavelength of the illumination radiation. 
Ultraviolet wavelengths of less than 180nm are therefore 
currently used, for example 1 57nm or 1 26nm. Also used 
are extreme ultraviolet (EUV), also referred to as soft x- 
rays, wavelengths of less than 50nm, for example 
13.5nm. 

[0005] A consequence of using shorter wavelengths 
is that whilst thermal stability within the projection system 
continues to be a problem in lithographic apparatuses, it 
has been found that apparatuses operating at shorter 
wavelengths, such as those less than 180nm, are even 
more prone to thermal stability problems than those op- 
erating at higher wavelengths. 

[0006] An apparatus operating at a shorter wave- 
length, for example, is described in our pending Europe- 
an patent application No. 1 1 78357. In EP1 1 78357 a lith- 
ographic apparatus is known of which certain compo- 
nents are located in a vacuum chamber. The projection 
beam images the mask onto the substrate via a number 
of mirrors. Such an arrangement is needed for example 
when an EUV beam is used, because an EUV projection 
beam would be unsuitable for projection purposes in gas- 



es at atmospheric pressure, and because no refractive 
optical elements are presently available for EUV radia- 
tion. The same arrangements are necessary for other 
types of beams. 
5 [0007] European Patent Application No. 1178357 
notes that operation under vacuum can cause tempera- 
ture stability problems, because heat radiation from the 
walls of the vacuum chamber or from the vacuum pump 
could lead to thermal expansion or contraction. This re- 
10 suits in imaging errors when temperature critical compo- 
nents like the reference frame including the support 
frame, the substrate table or the projection system. 
[0008] In particular, thermal stability affects the imag- 
ing quality because the position of the optical elements, 
15 in particular, the mirrors in EUV lithography projection 
apparatuses, needs to be achieved and maintained dur- 
ing the exposure extremely accurately. For example, in 
EUV apparatuses, the mirrors need to be positioned with 
an accuracy of +/- 0.1 nm or less. Since the optical ele- 
20 ments, such as mirrors, are supported on a support 
frame, it will be understood that temperature variations 
which cause the support frame to deform may also cause 
the position of the mirrors to vary. 
[0009] Conventionally, this problem has been ad- 
25 dressed by designing apparatuses so that they react as 
little as possible to thermal variations. For example, by 
constructing support frames and other critical structures 
of materials such as Zerodur (trademark) or invar, which 
are specialist materials referred to in the art as NZTE 
30 (near-zero thermal expansion) materials orthe like. Such 
materials are designed to have very low expansion co- 
efficients. Although the use of these materials improves 
the thermomechanicalstability of the apparatus, they 
have various drawbacks including cost, manufacturabil- 
35 ity and fragility of the materials used, such as Zerodur, 
add to the complexity of the manufacture. Also, connect- 
ing glass materials together is problematic, which is one 
of the factors contributing to the more general problem 
of manufacturability of NZTE materials, such as Zerodur. 
40 [0010] A further approach to solving the problem of 
thermal stability, as for example, described in 
EP1 1 78357, is to provide a heatshield disposed between 
heat sources and temperature critical components. A fur- 
ther approach is disclosed in US 5,581 ,324. 
45 [001 1 ] It has been found that in spite of efforts to min- 
imize the effect temperature fluctuations have on the lith- 
ographic apparatus operating at any wavelength, this im- 
pact cannot be fully eliminated. Further as mentioned 
above, the materials and techniques used to combat the 
50 problem of thermal stability, have their drawbacks gen- 
erally adding to the complexity and to the cost of the 
apparatus. 

[001 2] It is an object of the present invention to address 
the problems encountered in conventional apparatuses 
55 with respect to thermomechanial stability. It is a further 
object of the present invention to provide an apparatus 
wherein the position of at least one moveable optical el- 
ement in the projection system is thermomechanically 
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stable. 

[0013] According to an aspect of the present invention, 
there is provided a lithographic apparatus according to 
claim 1. 

By sensing the temperature at at least one location, it is 
possible to compensate for thermal deformation of the 
element. By providing a deformation compensation unit 
to compensate, rather than attempt to eliminate defor- 
mation of the element caused by temperature fluctua- 
tions, it is no longer necessary to manufacture elements 
in the lithographic apparatus that arc subject to a thermal 
load out of specialist materials, such as an NZTE mate- 
rial, such as Zerodur. Instead, cheaper, less fragile and 
more easily manufacturable materials can be used. This 
provides the advantages of reducing the material and 
manufacturing cost and increasing the manufacturability 
of certain elements in the lithographic apparatus that are 
subjectto athermal load. As a result, when compensating 
for a thermal load on a projection system support frame, 
the thermal stability is improved so that a positioning ac- 
curacy of the moveable optical element supported by the 
projection system support frame of a fraction of a nano- 
metre over a period of an exposure is achieved, for ex- 
ample, over several minutes. By providing a control unit, 
a direct control loop between the element subject to a 
thermal load and the temperature sensed at the element 
is established. 

[0014] In a preferred embodiment, a modelling unit is 
provided which generates the model using finite element 
modelling. It has been found that finite element modelling 
can be used to effectively and accurately model elements 
made of a homogeneous material, such as Zerodur or a 
metal, for example, Invar or aluminium. In an alternative 
embodiment, the deformation of the structure is meas- 
ured for several temperature distributions and an exper- 
imental fit is used to create the model for the thermal 
deformation compensation unit. 

[001 5] In a preferred embodiment, the at least onetem- 
perature sensor is disposed directly on the element. By 
disposing the at least one temperature sensor directly on 
the element, the accuracy of the sensed temperature and 
thus, the compensation of any thermal load is more ac- 
curately sensed and compensated for, respectively. 
[001 6] In a preferred embodiment, the at least onetem- 
perature sensor is disposed on at least one of an inside 
and an outside of the element. By disposing the at least 
one temperatures sensor on at least one of an inside and 
an outside of the element, the accuracy of the sensed 
temperature of the element, and thus, the compensation 
of any thermal load is even more accurately sensed and 
compensated for, respectively. 

[0017] The element is a support frame. By compen- 
sating for thermal deformations in a support frame, 
whereas previously, such support frames were neces- 
sarily made of expensive, specialist materials, in accord- 
ance with the present invention, other cheaper materials, 
such as metals, such as Invar and aluminium, may be 
used as materials for a support frame. By providing a 



support frame of a metal such as Invar or aluminium, 
benefits in the field of dynamics are obtained, the frame 
is less fragile, the manufacturability of the support frame 
is improved, the connection technology, that is the ability 

5 to be able to con nect different components to one another 
is simplified, and the freedom to design the support frame 
is increased. Further, the cost and the lead time of the 
frame are reduced. Further, it has been found that ho- 
mogeneous materials, such as metals, can be accurately 

10 and effectively modelled using finite element modelling 
according to a further embodiment of the present inven- 
tion. 

[0018] In a preferred embodiment, the support frame 
is at least one of a source frame for supporting a source 

15 of radiation, an illuminator frame for supporting an illumi- 
nation system, a patterning means support frameforsup- 
porting a patterning means, a projection system support 
frame for supporting a projection system, a first reference 
support frame for supporting at least one of the projection 

20 system supportframe and a measurementsystem, a sec- 
ond reference support frame for supporting the first ref- 
erence support frame and a substrate support frame for 
supporting a substrate. In this way, the present invention 
has application to various elements in the lithographic 

25 apparatus. 

[0019] In a preferred embodiment, a further element 
is at least one of an optical element and an element com- 
prised in a measuring system. In this way, in addition to 
support frames, the present invention may be applied to 

30 optical elements such as mirrors and lenses and ele- 
ments in a measuring system, such as mirror blocks. 
[0020] I n a preferred embodiment, the further element 
is a moveable optical element supported on the support 
frame, and the control signal causes the position of the 

35 further moveable optical element to be adjusted so as to 
compensate for the deformation of the element, in re- 
sponse to the at least one temperature sensed by said 
at least one sensor. In this way, rather than having to 
ensure that the support frame deforms a minimum 

40 amount, account for any deformation can be made by 
the optical elements. Thus, the manufacturing tolerances 
are reduced. At the same time, the accuracy of the sys- 
tem, for example, the illumination system or projection 
system, in which the moveable optical elements are dis- 

45 posed is improved. 

[0021] In a preferred embodiment, at least one tem- 
perature sensor is directly disposed on the supportframe 
and the optical element, wherein the position of the op- 
tical element is determined by the temperatures sensed 

50 by the temperature sensors disposed on the support 
frame and the optical element. By measuring the tem- 
perature directly on the support frame and the optical 
element, the accuracy of the compensation for the ther- 
mal deformation of the structure is further improved. 

55 [0022] In a preferred embodiment, the processing unit, 
responsive to the sensor, provides a deformation signal 
indicative of the deformation, wherein the processing unit 
derives the deformation signal on the basis of deforma- 
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tion data and the sensed temperature, wherein the de- 
formation data is derived from the model and represents 
the deformation of the frame as a function of temperature 
at the at least one location. By providing a deformation 
signal derived from the sensed temperature and defor- 
mation data, an accurate assessment of the deformation 
is achievable, which provides an accurately determined 
deformation signal to the adjustment unit. 
[0023] In a preferred embodiment, the apparatus com- 
prises: at least one of an illumination system for providing 
a projection beam of radiation, a support structure for 
supporting patterning means, the patterning means serv- 
ing to impart the projection beam with a pattern in its 
cross-section, a substrate table for holding a substrate 
and a projection system for projecting the patterned 
beam onto a target portion of the substrate. 
[0024] In a preferred embodiment, said deformation 
data is in the form of a thermal deformation model. By 
providing the deformation data in the form of a thermal 
deformation model, deformation data can be provided 
relating to several parameters and operating conditions 
of the apparatus. Thus, further increasing the accuracy 
with which deformation of the support frame can be com- 
pensated for. 

[0025] In a preferred embodiment, the thermal com- 
pensation deformation unit compensates for a thermal 
effect on a structure of the element. In this way, the ther- 
mal effect of the structure itself is compensated for. 
[0026] In a preferred embodiment, the at least onetem- 
peratures sensor is located at locations(s) where the 
structure of the element has a high stiffness. It has been 
found that temperature sensors placed at locations 
where the structure has a high stiffness provide particu- 
larly good results, since the temperature at these loca- 
tions dominates the thermomechanical behaviour of the 
total structure. 

[0027] According to a further aspect of the present in- 
vention, there is provided a method of compensating for 
thermal deformation in a lithographic apparatus accord- 
ing to claim 21 . 

[0028] According to a yet further aspect of the present 
invention, there is provided a user terminal comprising 
means operable to perform the method of any of claims 
21-27. 

[0029] According to a yet further aspect of the inven- 
tion, there is provided a computer readable storage me- 
dium storing a program which when run on a computer 
controls the computer to perform the method of any of 
claims 21-27. 

[0030] Although specific reference may be made in this 
text to the use of lithographic apparatus in the manufac- 
ture of ICs, it should be understood that the lithographic 
apparatus described herein may have otherapplications, 
such as the manufacture of integrated optical systems, 
guidance and detection patterns for magnetic domain 
memories, liquid-crystal displays (LCDs), thin-film mag- 
netic heads, etc. The skilled artisan will appreciate that, 
in the context of such alternative applications, any use 



of the terms "wafer" or "die" herein may be considered 
as synonymous with the more general 
terms "substrate" or "target portion", respectively. The 
substrate referred to herein may be processed, before 

5 or after exposure, in for example a track (a tool that typ- 
ically applies a layer of resist to a substrate and develops 
the exposed resist) or a metrology or inspection tool. 
Where applicable, the disclosure herein may be applied 
to such and other substrate processing tools. Further, 

10 the substrate may be processed more than once, for ex- 
ample in order to create a multi-layer IC, so that the term 
substrate used herein may also refer to a substrate that 
already contains multiple processed layers. 
[0031] The terms "radiation" and "beam" used herein 

15 encompass all types of electromagnetic radiation, includ- 
ing ultraviolet (UV) radiation (e.g. having a wavelength 
of 365, 355, 248, 1 93, 157 or 1 26 nm) and extreme ultra- 
violet (EUV) radiation (e.g. having a wavelength in the 
range of 5-20 nm), as well as particle beams, such as 

20 ion beams or electron beams. 

[0032] The term "patterning means" used herein 
should be broadly interpreted as referring to means that 
can be used to impart a projection beam with a pattern 
in its cross-section such as to create a pattern in a target 

25 portion of the substrate. Itshould be noted thatthe pattern 
imparted to the projection beam may not exactly corre- 
spond to the desired pattern in the target portion of the 
substrate. Generally, the pattern imparted to the projec- 
tion beam will correspond to a particular functional layer 

30 in a device being created in the target portion, such as 
an integrated circuit. 

[0033] Patterning means may be transmissive or re- 
flective. Examples of patterning means include masks, 
programmable mirror arrays, and programmable LCD 

35 panels. Masks are well known in lithography, and include 
mask types such as binary, alternating phase-shift, and 
attenuated phase-shift, as well as various hybrid mask 
types. An example of a programmable mirror array em- 
ploys a matrix arrangement of small mirrors, each of 

40 which can be individually tilted so as to reflect an incom- 
ing radiation beam in different directions; in this manner, 
the reflected beam is patterned. In each example of pat- 
terning means, the support structure may be a frame or 
table, for example, which may be fixed or movable as 

45 required and which may ensure that the patterning 
means is at a desired position, for example with respect 
to the projection system. Any use of the terms "reticle" 
or "mask" herein may be considered synonymous with 
the more general term "patterning means". 

50 [0034] The term "projection system" used herein 
should be broadly interpreted as encompassing various 
types of projection system, including refractive optical 
systems, reflective optical systems, and catadioptric op- 
tical systems, as appropriate for example for the expo- 

55 sure radiation being used, or for other factors such as 
the use of an immersion fluid or the use of a vacuum. 
Any use of the term "lens" herein may be considered as 
synonymous with the more general term "projection sys- 
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tern". 

[0035] The illumination system may also encompass 
various types of optical components, including refractive, 
reflective, and catadioptric optical components for direct- 
ing, shaping, or controlling the projection beam of radia- 
tion, and such components may also be referred to below, 
collectively or singularly, as a "lens". 
[0036] The lithographic apparatus may be of a type 
having two (dual stage) or more substrate tables (and/or 
two or more mask tables). In such "multiple stage" ma- 
chines the additional tables may be used in parallel, or 
preparatory steps may be carried out on one or more 
tables while one or more other tables are being used for 
exposure. 

[0037] The lithographic apparatus may also be of a 
type wherein the substrate is immersed in a liquid having 
a relatively high refractive index, e.g. water, so as to fill 
a space between the final element of the projection sys- 
tem and the substrate. Immersion liquids may also be 
applied to other spaces in the lithographic apparatus, for 
example, between the mask and the first element of the 
projection system. Immersion techniques are well known 
in the art for increasing the numerical aperture of projec- 
tion systems. The lithographic apparatus may also be of 
a type of a flat panel display. 

[0038] Embodiments of the invention will now be de- 
scribed, by way of example only, with reference to the 
accompanying schematic drawings in which correspond- 
ing reference symbols indicate corresponding parts, and 
in which: 

Figure 1 depicts a lithographic apparatus according 
to an embodiment of the invention; 
Figure 2 depicts details of a lithographic apparatus 
including a temperature deformation compensation 
circuit according to an embodiment of the present 
invention; and 

Figures 3a and 3b depict a support frame on which 
a plurality of sensors are disposed. 

[0039] Figure 1 schematically depicts a lithographic 
apparatus according to a particular embodiment of the 
invention. The apparatus comprises: 

an illumination system (illuminator) IL for providing 
a projection beam PB of radiation (e.g. UV or EUV 
radiation). 

a first support structure (e.g. a mask table) MT for 
supporting patterning means (e.g. a mask) MA and 
connected to first positioning means PM for accu- 
rately positioning the patterning means with respect 
to item PL; 

a substrate table (e.g. a wafer table) WT for holding 
a substrate (e.g. a resist-coated wafer) W and con- 
nected to second positioning means PW for accu- 
rately positioning the substrate with respect to item 
PL; and 

a projection system (e.g. a reflective projection lens) 



PL for imaging a pattern imparted to the projection 
beam PB by patterning means MA onto a target por- 
tion C (e.g. comprising one or more dies) of the sub- 
strate W. 

5 

[0040] As here depicted, the apparatus is of a reflective 
type (e.g. employing a reflective mask or a programmable 
mirror array of a type as referred to above). Alternatively, 
the apparatus may be of a transmissive type (e.g. em- 

10 ploying a transmissive mask). 

[0041] The illuminator IL receives a beam of radiation 
from a radiation source SO. The source and the litho- 
graphic apparatus may be separate entities, for example 
when the source is a plasma discharge source. In such 

15 cases, the source is not considered to form part of the 
lithographic apparatus and the radiation beam is gener- 
ally passed from the source SO to the illuminator IL with 
the aid of a radiation collector comprising for example 
suitable collecting mirrors and/or a spectral purity filter. 

20 in other cases the source may be integral part of the 
apparatus, for example when the source is a mercury 
lamp. The source SO and the illuminator IL, may be re- 
ferred to as an illumination system. 
[0042] The illuminator IL may comprise adjusting 

25 means for adjusting the angular intensity distribution of 
the beam. Generally, at least the outer and/or inner radial 
extent (commonly referred to as a-outer and a-inner, re- 
spectively) of the intensity distribution in a pupil plane of 
the illuminator can be adjusted. The illuminator provides 

30 a conditioned beam of radiation, referred to as the pro- 
jection beam PB, having a desired uniformity and inten- 
sity distribution in its cross-section. 
[0043] The projection beam PB is incident on the mask 
MA, which is held on the mask table MT. Being reflected 

35 by the mask MA, the projection beam PB passes through 
the lens PL, which focuses the beam onto a target portion 
C of the substrate W. With the aid of the second posi- 
tioning means PW and position sensor IF2 (e.g. an inter- 
ferometric device), the substrate table WT can be moved 

40 accurately, e.g. so as to position different target portions 
C in the path of the beam PB. Similarly, the first position- 
ing means PM and position sensor IF1 can be used to 
accurately position the mask MA with respect to the path 
of the beam PB, e.g. after mechanical retrieval from a 

45 mask library, or during a scan. In general, movement of 
the object tables MT and WT will be realized with the aid 
of a long-stroke module (coarse positioning) and a short- 
stroke module (fine positioning), which form part of the 
positioning means PM and PW. However, in the case of 

50 a stepper (as opposed to a scanner) the mask table MT 
may be connected to a short stroke actuator only, or may 
be fixed. Mask MA and substrate W may be aligned using 
mask alignment marks M1 , M2 and substrate alignment 
marks P1, P2. 

55 [0044] The depicted apparatus can be used in the fol- 
lowing preferred modes: 

1 . In step mode, the masktable MT and the substrate 
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table WT are kept essentially stationary, while an 
entire pattern imparted to the projection beam is pro- 
jected onto a target portion C in one go (i.e. a single 
static exposure). The substrate table WT is then 
shifted in the X and/or Y direction so that a different 
target portion C can be exposed. In step mode, the 
maximum size of the exposure field limits the size of 
the target portion C imaged in a single static expo- 
sure. 

2. 1 n scan mode, the masktable MT and the substrate 
table WT are scanned synchronously while a pattern 
imparted to the projection beam is projected onto a 
target portion C (i.e. a single dynamic exposure). The 
velocity and direction of the substrate table WT rel- 
ative to the masktable MTis determined by the (de-) 
magnification and image reversal characteristics of 
the projection system PL. In scan mode, the maxi- 
mum size of the exposure field limits the width (in 
the non-scanning direction) of the target portion in a 
single dynamic exposure, whereas the length of the 
scanning motion determines the height (in the scan- 
ning direction) of the target portion. 
3. In another mode, the mask table MT is kept es- 
sentially stationary holding a programmable pattern- 
ing means, and the substrate table WT is moved or 
scanned while a pattern imparted to the projection 
beam is projected onto a target portion C. In this 
mode, generally a pulsed radiation source is em- 
ployed and the programmable patterning means is 
updated as required after each movement of the sub- 
strate table WT or in between successive radiation 
pulses during a scan. This mode of operation can be 
readily applied to maskless lithography that utilizes 
programmable patterning means, such as a pro- 
grammable mirror array of a type as referred to 
above. 

[0045] Combinations and/or variations on the above 
described modes of use or entirely different modes of 
use may also be employed. 

[0046] In lithographic apparatuses operating at certain 
wavelengths, for example, EUV, alpha and gamma radi- 
ation, certain apparatus components, for example the 
projection system, the illuminator, the mask and mask 
table and the wafer and wafer table, are disposed in a 
vacuum chamber, which is pumped out using a vacuum 
pump. Whilst the present invention has particular appli- 
cation to those apparatuses having components in a vac- 
uum chamberbecause it has been found thatthe vacuum 
pump increases the thermal instability of lithographic ap- 
paratuses, the present invention also has application to 
other lithographic apparatuses not comprising a vacuum 
chamber and pump, since thermal instability continues 
to be a problem in these apparatuses. 
[0047] The present invention has application to many 
elements within a lithographic apparatus. With reference 
to Figures 2-4, a particu lar embodiment is described with 
respect to the compensation of thermal deformation with- 



in the projection system is described. However, the in- 
vention is not limited in this respect. The invention is ap- 
plicable to any support frame in the lithographic appara- 
tus, additionally to other elements in a lithographic ap- 
5 paratus, such as optical elements, which may be move- 
able, such as mirrors and lenses, and also other elements 
in the measuring systems IF1, IF2, such as the mirror 
blocks. 

[0048] For example, elements whose thermal defor- 
ce mations may be compensated for include, but are not 
limited to a source frame for supporting the source of 
radiation SO, an illuminator frame for supporting the illu- 
mination system IL, a patterning means support frame 
MT for supporting a patterning means MA, a projection 
15 system support frame for supporting a projection system 
PL, a first reference support frame MF for supporting at 
least one of the projection system support frame and a 
measurement system IF1 , IF2, a second reference sup- 
port frame BF for supporting the first reference support 
20 frame M F and a substrate support frame WT for support- 
ing a substrate WA. It is noted with respect to the sche- 
matic nature of Figure 1 , that the support frames recited 
above, where not indicated specifically in Figure 1, are 
considered to form a part of the source SO, the illumina- 
25 tion system IL, the projection system PL, respectively. 
As mentioned, by compensating for thermal deforma- 
tions in elements subject to a thermal load, alternative 
materials for the elements may be used. For example, 
at least one of the first reference support frame MF and 
30 the second reference support frame BF may be made of 
at least one of Invar and aluminium. It is noted that in the 
art, the first reference support frame MF may be referred 
to as the metrology (or metro) frame and the second ref- 
erence support frame BF may be referred to as the base 
35 frame. In one embodiment, a control signal is output to 
a further element in the apparatus causing the further 
element to correct for or take into account the deforma- 
tion. In a further embodiment, the further element is sup- 
ported on the element. In a yet further embodiment, the 
40 control signal takes into account the deformation in a 
setpointforthe control of the further element. In a further 
embodiment, the control signal is output to a further el- 
ement in the apparatus causing the further element to 
correct for or take into account the deformation. Thefur- 
45 ther element may be, for example, an optical element, 
such a mirror or a lens. The further elements may be 
moveable. In one embodiment, the control signal causes 
the further element to move in response to the deforma- 
tion calculated by the thermal deformation compensation 
50 unit. As described with reference to Figures 2 to 4, the 
further element may be supported on the element. Thus, 
any deformation of the element is compensated for by 
controlling the further element, by for example, moving 
the further element to compensate for the deformation 
55 of the element. In one embodiment, the control signal 
takes into account the deformation in a setpoint for the 
control of the further element. 

[0049] Figure 2 depicts details of a lithographic appa- 
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ratus including a temperature deformation compensation 
circuit according to an embodiment of the present inven- 
tion. The embodiment of the invention shown in and de- 
scribed with reference Figure 2, is with respect to the 
projection system PL and the projection system support 
frame 4. However, as discussed above, the invention is 
not limited to this example, and may be applied to those 
further situations described above with reference to Fig- 
ure 1 . For those elements having the same reference 
numeral as an element shown and described with refer- 
ence to figure 1 , figure 1 is referred to. The projection 
system PLtypically comprises an elements The element 
shown in Figure 2 is a support frame, in particular, the 
projection system support frame. The projection system 
PL further comprises a plurality of further elements. In 
Figure 2, the further elements M1-M6 are a plurality of 
optical elements M1 -M6. The optical elements shown in 
the embodiment shown in Figure 2 are mirrors. At least 
one of the mirrors is arranged to be moveable. Typically, 
all the mirrors except mirror M5 are moveable. The mir- 
rors are arranged to direct the patterned beam from the 
masktothe wafer. As mentioned, the accuracy with which 
the mirrors are positioned is extremely high. The position 
of the mirrors is controlled by control unit 14. A position 
sensor 25 is provided to determine the position of the 
mirror. An actuator 26 is adapted to receive a control 
signal cs from the control unit 14 and causes the mirror 
to move to a desired position in response to the control 
signal cs. The mirrors are provided in a support frame 4. 
The support frame 4 may comprise a reference frame 4 
and a plurality of sensorframes 28. The plurality of sensor 
frames 28 are adapted to be mounted in the reference 
frame 4 using interfacing elements 27. The sensor frame 
28 is a frame adapted to support an optical element M1 - 
M6, typically a moveable mirror, the position sensor 25 
and the actuator 26. A separate sensor frame 28 may be 
provided for each mirror M1-IV16. Typically, however, a 
separate mirror module is provided for M1-M4 and M6. 
M5 is typically stationary, and mounted directly to the 
support frame 4. Typically, the mirror M5 is not provided 
with sensors or actuators. Such a sub-assembly is con- 
ventionally referred to as a "mirror module". The mirrors 
may be in thermal contact with the supportframe. In par- 
ticular, any thermal instability of the support frame affects 
the optical elements. In Figure 2, for the sake of simplicity 
only two sensorframes are shown, however, typically all 
movable mirrors are supported on theirown sensorframe 
28. Conventionally, each sensorframe 28 is mounted in 
the reference frame 4 using a so called "statically deter- 
mined interface" 27. Such an interface may for example, 
comprise a plurality of elements 27 (of which only a few 
are shown in figure 2), which are disposed to mount the 
mirror module in the reference frame 4 in such a way that 
each element 27 constrains only once each of the six 
degrees of freedom. In figure 2, the support of the mirrors 
on the support frame is schematically represented by 
rods 27 supporting mirrors M1 and M6. Mirrors M2- M4 
are typically also supported in a similar way, although for 



the sake of simplicity in figure 2, the support members 
are only shown for mirrors M1 and M6. Typically M5 is 
stationary, thus, its support members differ from those 
for M1-M4 and M6. Although, the "statically determined 
5 interface" as described with reference to figure 2 repre- 
sents one conventional way of mounting a mirror in a 
support frame, the present invention is not limited in this 
respect, and is suitable for application in any apparatus 
where one moveable optical element is supported on a 
10 support frame independent of the nature of the support 
member. Since the optical elements (mirrors) are sup- 
ported in the support frame 4, it will be understood that 
a deformation in the support frame caused by tempera- 
ture fluctuations in the lithographic apparatus may cause 
15 the position of the mirrorto change. To address this prob- 
lem a thermal deformation compensation unit 10, 15 is 
provided. The thermal deformation compensation unit 
1 0, 15 comprises at least one temperature sensor 1 0 to 
sense the temperature at at least one location on the 
20 frame 4. In figure 2 one temperature sensor 1 0 is shown 
in the vicinity of mirror M6. However, any number of sen- 
sors maybe provided over the support frame 4. The total 
number of sensors may be approximately 50, however, 
this is not limiting. Although, the location of each sensor 
25 is not critical to the invention, in a particular embodiment 
sensors 1 0 are provided in the vicinity of mirrors M1 -M6, 
in particular in those areas where the sensor frame 
comes into contact with the reference frame. In alterna- 
tive embodiments, where the optical elements are mount- 
so ed in alternative ways in a support frame 4, temperature 
sensors may be located at those locations where the op- 
tical elements are supported on the frame by alternative 
mounting or supporting elements. For situations where 
no sensorframes are provided, for example, for embod- 
35 iments where the mirror position sensors are mounted 
directly onto the support frame, a temperature sensor is 
located atthe same position as the mirror position sensor, 
as this position sensor determines the position of the op- 
tical element, that is the mirror. Further, sensors may 
40 also be disposed at locations where deformation is 
known to occur, since even deformation at a location rel- 
atively remote from an optical element may have an im- 
pact on the position of an optical element. In a particular 
embodiment, it has been found that temperature sensors 
45 placed at locations where the structure has a high stiff- 
ness provide particularly good results, since the temper- 
ature at these locations dominates the thermomechani- 
cal behaviour of the total structure. In a particular em- 
bodiment, temperature sensors are disposed on both the 
50 support frame and the optical elements. In this way, the 
accuracy of the compensation is further improved. The 
manner in which the present invention compensates for 
a given deformation due to the temperature at a particular 
location is discussed in more detail below. 
55 [0050] The support frame 4 provides a frame on which 
the optical elements M1-M6 are provided. Typically, the 
support frame 4 is a housing. The projection beam PB 
enters the housing via an opening or window 7 formed 
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in the housing and leaves the housing via opening or 
window 1 1 . The housing may also comprise a stiffening 
plate 8 disposed across the middle of the housing. I n this 
particular embodiment, a further opening or window 9 is 
provided in the stiffening plate 8 to allow the projection 
beam to propagate through the housing. The support 
frame 4 may be made of low expansion materials. How- 
ever, the invention allows the use of other materials, in- 
cluding metals for the support frame 4. In a particular 
embodiment, the support frame 4 is comprised of Invar 
(trademark). The support frame may alternatively be 
comprised of other metals, such as aluminium or ceramic 
materials. In general, the invention is independent of the 
material choice to a large extent. 

[0051] In order to be able to sufficiently calculate the 
model forthe thermal deformation, the mathematical rep- 
resentation of the thermal properties and behaviour of 
the material should approximate reality as good as pos- 
sible. Alternatively, for example, for exotic and or aniso- 
tropic materials the thermal deformation model can be 
determined experimentally, for instance by measuring 
the deformation of this structure for several temperature 
distributions and fitting a thermal deformation model in 
the experimental data, for example, by regression anal- 
ysis. Also, of course, the temperature measurement 
should be accurate enough. Various materials are known 
whose behaviour is more or less linear, i.e. they have 
thermal expansion coefficients, and thermal conductivity 
coefficients that are more or less constant in time and as 
f u nction of the absol ute temperatu re; ce rtainly i n the tem- 
perature range over which a lithographic apparatus func- 
tions, that is from around 20 degrees Celcius to around 
30 degrees Celcius. However, in general, even if tem- 
perature behaviour is non-linear, provided it is known to 
a certain degree, deformation can still be predicted ac- 
curately enough to be compensated for sufficiently. So, 
in general, the invention is not limited to materials with 
linear material properties. However, if material properties 
are linear, it suffices to measure temperature differences 
within a certain amount of time, instead of absolute tem- 
peratures. Also, materials with high thermal expansion 
coefficients require a more accurate measurement of 
temperature changes to be able to achieve that optical 
image distortion or measurement errors leading to loss 
of overlay and focus due to finite compensation of defor- 
mation of the support frame remains within a certain limit. 
Thus, in general materials with all kinds of thermal ex- 
pansion coefficients are allowed. However, the higher 
that value, the more accurate the measurement of the 
temperature and or temperature changes are. 
[0052] With respect to aluminium, it is commented that 
its coefficient of thermal expansion is quite high, typically 
20 to 40 times higher than Invar. Therefore, the amount 
thermal deformation to be compensated for is increased 
with respect to an Invar support frame. However, the alu- 
minium provides benefits such as a relatively low cost, 
easy manufacturability, and robustness, furthermore alu- 
minium has a very high thermal conductivity and specific 



heat leading to lower and more uniform change in tem- 
peratures which again lead to a more uniform deforma- 
tion and therefore a simpler thermal deformation model. 
As with Invar, aluminium can exploit well known "con- 

5 nection technology", and there is large scope for design 
freedom. Further, for aluminium, the ratio of density to 
Young's Modulus (rho/E) is almost equal to that of Zero- 
dur. The ratio of density to Young's Modulus is a known 
measure used to determine the difficulty of achieving a 

10 desired dynamic behaviour. 

[0053] In an alternative embodiment a support struc- 
ture comprising a ceramic material is provided. The 
choice of ceramic material may be made from various 
available ceramics. Ceramic materials exhibit a wide 

15 range of appropriate properties, such as toughness, co- 
efficient of thermal expansion and conduction and the 
ratio of density to Young's Modulus (rho/E). 
[0054] In the embodiments, such as in lithographic ap- 
paratuses operating at EUV and other wavelengths, 

20 where the projection system PL is disposed in a vacuum 
chamber, openings 5 are provided in the frame though 
which a vacuum pump (not shown) evacuates the space 
enclosed by the support frame 4. 
[0055] The thermal deformation compensation unit 10, 

25 1 5 comprises at least one temperature sensor 1 0 which 
is disposed on, in or in the vicinity of the support frame 
4. The temperature sensor 10 generates a signal indic- 
ative of the temperature at a particular location. The tem- 
perature sensor 10 is connected to the adjustment unit 

30 15. The adjustment unit 15 includes a processing ele- 
ment such as a processing unit 12 and a control unit 14. 
The processing unit 1 2 is part of a control loop including 
the control unit 1 4 for generating a control signal cs. Also 
provided is a storage unit 16 for storing data generated 

35 by a modelling unit 18, to which the processing unit 12 
has access and a modelling unit 18 for generating data 
indicative of the deformation at a particular location 
caused by the temperature at the location, to which the 
processing unit 12 and the storage unit 16 has access. 

40 in addition to receiving data from the processing unit 1 2, 
the control unit 14 may also receive input from other con- 
trol circuits 20 of the lithographic apparatus. 
[0056] The elements comprised in the control loop may 
be connected by electrical wires or other elements, such 

45 as optical elements including optical fibres or planar 
waveguides. Alternatively, they may be connected by 
other elements, such as an IR link, where a line of sight 
connection is required between the temperature sensor 
and at least one component of the adjustment unit 15 

50 such as the processing unit 12. Where the control loop 
elements of the adjustment unit 15 are connected to the 
temperature sensor or sensors 1 0 via electrical wires or 
other means, such as optical fibres, or an IR link, the 
connection means may be conveniently fed or estab- 

55 Nshed through existing openings formed in the support 
frame 4, such as openings 5. Thus, the mechanical sta- 
bility of the support frame 4 is not compromised or the 
manufacture complicated by the formation of additional 
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holes orfeatures in the support frame 4. The datatransfer 
may also take place via other wireless means. 
[0057] The elements of the control loop including the 
adjustment unit 15 maybe disposed locally in the litho- 
graphic apparatus, or in the vicinity of the lithographic 
apparatus. Alternatively, they may be disposed at a re- 
mote location, for example, at a remote control location. 
In particular, it is envisaged that the modelling unit 18 
and storage unit 16 are disposed at a location remote 
from the lithographic apparatus. In such an embodiment, 
the processing unit 12 is adapted to gain remote access 
to the storage unit 1 6 and modelling unit 1 8. 
[0058] The processing unit 12 is adapted to receive 
the signal generated by a particular temperature sensor 
10. In one embodiment, the signal generated by a par- 
ticulartemperature sensor 1 0 also includes acomponent, 
which identifies the location of the sensed temperature 
to the processing unit 12. Alternatively, the processing 
unit 12 includes an addressable memory, which enables 
a particular sensed temperature to be associated at the 
processing unit 12 with the particular location for which 
the sensed temperature is associated. Having identified 
the location of the sensing and the temperature, the 
processing unit 12 gains access to storage unit 16. In 
storage unit 1 6 datadescribingthe mechanical behaviour 
of the support frame 4 as a function of temperature is 
stored, in particular, the storage unit 1 6 stores the defor- 
mation data at a particular location as a function of tem- 
perature. For a particular temperature reading at a par- 
ticular location, in particular, the location or locations 
where an optical element is either directly or indirectly in 
contact with the support frame 4, the processing unit 12 
calculates the deformation of theframe 4 based on model 
calculations carried out previously. Thus, the corre- 
sponding deformation data for a particular location is ob- 
tained. The deformation data is provided to the storage 
unit 16 by a modelling unit 18. The modelling unit 18, 
which may also be in direct connection with the process- 
ing unit 1 2, produces a computer generated model of the 
support frame 4 over its surface as a function of temper- 
ature. It has been found that for a construction made from 
a homogeneous material, such as metal, including Invar 
and aluminium, can be modelled particularly well using 
finite element modelling. Thus, depending on the number 
of sensors, it is possible to calculate the deformation of 
the support frame 4 as a function of the temperature 
measured at several places on the inside and the outside 
of the support frame. Based on the data available to the 
processing unit 12, the processing unit 12 generates a 
deformation compensation signal ds, which is indicative 
of the deformation caused by the sensed temperature at 
a particular location. The deformation compensation sig- 
nal dcs is provided to the control unit 14, which in re- 
sponse to the deformation compensation signal, and any 
other control signals it may receive from other control 
units 20, generates a control signal cs. The control signal 
cs generated by control unit 14 thus takes into account 
any deformation in the setpoint for the position control 



loops of the optical elements of each "mirror module". 
The control signal cs is applied to the optical element, 
for example, via actuator 26, to cause the position of the 
optical element to be changed in accordance with the 

5 control signal cs. 

[0059] In a particular embodiment, a computer com- 
prising units/elements 12, 14, 15, 16, 1 8 is provided, con- 
taining a mathematical model 1 80 that describes thermal 
behaviour of the support frame 4. Using this model 1 80 

10 it is possible to predict distortion of the frame 4 as a func- 
tion of either absolute or relative temperatures at a 
number of positions. Distortion is understood to mean 
displacement of one frame point with respect to another 
point. The model 1 80 is determined, for example, during 

15 the design process of the support frame 4 of the projec- 
tion optics assembly PL. Alternatively, it may comprise 
a number of values to be supplied and/or adjusted for 
each support frame 4, or each generation of support 
frames. It is also envisaged that the model 180 may be 

20 fine tuned for each projection box assembly PL. This may 
be carried out either manually or automatically, during 
assembly of the exposure unit. It is further envisaged that 
the fine tuning may be repeated intermittently, for exam- 
ple, every few months, or after an appropriate determined 

25 intervals. Again, this fine tuning may be carried out man- 
ually or automatically. Automatic tuning, or self-calibra- 
tion, is possible by measuring actual temperatures of the 
support frame 4, while at the same time measuring the 
actual optical image at waterside, and calculating its dis- 

30 tortions, for example, using an interferometric technique. 
[0060] The input for the model 1 8 may be absolute or 
re lative temperatu res, measu red at a p I u rality of locatio ns 
by temperature sensors 10. Based on these values, this 
mathematical model 180 calculates a distortion. The ac- 

35 curacy of the calculated distortion will depend on the ac- 
curacy of the mathematical model and the accuracy of 
the measured temperatures. Using the calculated distor- 
tion values, mirror displacements that would have been 
caused by the distortion are calculated. Then, displace- 

40 ments required by actuators 2 6 to counteract those mirror 
displacements are calculated. 

[0061 ] Finally, those latter displacements to compen- 
sate for, and preferably eliminate mirror displacements 
from supportf rame distortions, are executed by actuators 

45 26. 

[0062] In one particular embodiment adjustment unit 

15 comprises the central processing unit (CPU) 12 of a 
computer and the computer output 14. The storage unit 

16 comprises a computer memory. The modelling unit 
50 1 8 comprises the mathematical model 180 stored in the 

computer. The other control circuit 20 comprises an ex- 
ternal input. As well as the computer being separate from 
the lithographic apparatus, it is envisaged that the com- 
puter does not necessarily comprise a separate compu- 
55 ter. In such an embodiment, the computer model 1 8 and 
all required software is part of the "machine software". 
Preferably, the computer uses the SUN computer plat- 
form that runs the EUV, TWINSCAN or PAS exposure 
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unit (SUN is a trademark). Alternatively, it may be a ded- 
icated satellite processing unit, of which there are a plu- 
rality distributed through the exposure units. This dedi- 
cated processing unit with its RAM may be located near 
the thermal deformation compensated structure, or be 
part of the thermal deformation compensated structure 
assembly. Preferably, however, it communicates with the 
main machine software, receiving e.g. setpoints, instruc- 
tions, values, timings and data from other units, and up- 
loading loggings, status, calibration results, etc. Access 
to, and interfacing with the model, its numerical values, 
its activities, etc. may be carried outusingauser interface 
terminal provided with each exposure unit. 
[0063] Figures 3a and 3b depict a support frame 4 on 
which a plurality of temperature sensors 1 0 are disposed. 
Figure 3a shows a support frame 4 in three dimensions, 
wherein the forward facing outer walls of the support 
frame 4 have been omitted to show the interior of the 
support frame 4. Figure 3b shows a plan view of one side 
of the exterior facing wall of the support frame. As men- 
tioned, the temperature sensors 10 may be disposed on 
the inside or the outside of the support frame 4, or both. 
Furthermore, the temperature sensors may be located 
on top of the material but also inside the material since 
this provides a particularly accurate reading. The distri- 
bution of the sensors and their exact numbers are not 
critical to the invention. However, the greater the number 
of sensors, the more accurately the deformation can be 
assessed, and thus compensated for. The sensors 10 
used measure temperatures with an resolution of at least 
0.1 mK and in addition to being suitable to non-vacuum 
conditions, are suitable for use in those conditions found 
in evacuated chambers. It is commented that the abso- 
lute accuracy of the sensors is not essential. The sensors 
10 are small and simple components, which do not add 
greatly to the complexity of the frame 4 and do not com- 
promise the function or manufacturability of the support 
frame 4. Optionally, a shield 13 is provided around the 
sensor to protect it from any effects of the projection 
beam. Since the projection beam is directed through the 
frame by mirrors, it is unlikely that any substantial amount 
of radiation should be incident on the sensors, since the 
sensors are disposed on the support frame, which is not 
in the propagation path of the projection beam PB. How- 
ever, since scatter causes a certain amount of light to be 
reflected at all angles, the shields protect the sensors 
from any scattered light. 

[0064] The deformation compensation processing be 
carried out at particular time intervals whilst the appara- 
tus is operational. Alternatively, it may be carried out con- 
tinuously over a particular time duration, for example, 
during an exposure. It has been found that using the 
present invention is 90-98% effective in compensating 
for deformation in the support frame caused by temper- 
ature fluctuations, representing a gain factor of 1 0 to 50. 
Thus, the thermal demands on the material the frame is 
made of can be relaxed to an equal extent to achieve at 
least a comparable thermal stability with conventional 



frames. Thus, the choice of materials open for consider- 
ation for the support frame is greatly increased to, for 
example, metals such as Invar and other materials, as 
discussed above. 
5 [0065] Whilst specific embodiments of the invention 
have been described above, it will be appreciated that 
the invention may be practiced otherwise than as de- 
scribed. The invention is defined by the claims. 



Claims 

1 . A lithographic apparatus comprising: an element (4) 
subject to a thermal load, a thermal compensation 

15 deformation unit (10, 12, 14, 15) for compensating 
in the lithographic apparatus for a deformation of the 
element (4) caused by the thermal load, the thermal 
compensation deformation unit (1 0, 1 2, 1 4, 1 5) com- 
prising: at least one temperature sensor (10) for 
20 sensing a temperature at at least one location on the 
element (4), a processing unit (1 2) forcalculating the 
deformation of the element (4) caused by the thermal 
load as a function of the temperature sensed at the 
location, wherein the deformation is calculated using 
25 data from a computer generated model of the ele- 
ment (4), so that an appropriate correction can be 
made or taken into account for the deformation in 
the lithographic apparatus, characterised in that 
the element (4) is a support frame for supporting a 
so further element (M1 -M6). 

2. An apparatus according to claim 1 , further compris- 
ing a modelling unit (18) for generating the model 
(180) of the element (4). 

35 

3. An apparatus according to claim 2, wherein the mod- 
elling unit (18) uses the model (180) generated by 
finite element modelling or by an experimental fit. 

40 4. An apparatus according to any of the preceding 
claims, wherein the thermal deformation compensa- 
tion unit (1 0, 1 2, 1 4, 1 5) further comprises a control 
unit (14) arranged to output a control signal (cs), in 
response to the calculated deformation, wherein the 
45 control signal (cs) corrects for or takes into account 
the deformation. 

5. An apparatus according to claim 4, wherein the con- 
trol signal (cs) is output to the further element (M1- 

50 M6) in the apparatus causing the further element 
(M1-M6) to correct for or take into account the de- 
formation. 

6. An apparatus according to claim 5, wherein the fur- 
55 ther element (M1 -M6) is supported on the element 

(4). 

7. An apparatus according to any of claims 4-6, wherein 
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the control signal (cs) takes into account the defor- 
mation in a setpoint for the control of the further el- 
ement (M1-M6). 

8. An apparatus according to any of the preceding 
claims, f urther comprising a storage unit (1 6) forstor- 
ing the computer generated model (1 80). 

9. An apparatus according to any of the preceding 
claims, wherein the at least one temperature sensor 
(10) is disposed directly on the element (4). 

10. An apparatus according to claim 9, wherein the at 
least one temperature sensor (1 0) is disposed on at 
least one of an inside and an outside of the element 
(4). 

11. An apparatus according to claim 1 , wherein the sup- 
port frame (4) is at least one of a source frame for 
supporting a source of radiation (SO), an illuminator 
frame for supporting an illumination system (IL), a 
patterning means supportframe forsupporting a pat- 
terning means(MA), a projection system support 
frame for supporting a projection system (PL), a first 
reference support frame(MF) for supporting at least 
one of the projection system support frame and a 
measurement system, a second reference support 
frame (BF) for supporting the first reference support 
frame and a substrate support frame for supporting 
a substrate (W). 

12. An apparatus according to claim 1, wherein at least 
one of the first reference support frame (M F) and the 
second reference support frame (BF) is made of at 
least one of Invar and aluminium. 

13. An apparatus according to any of the preceding 
claims 1-1 0, wherein the further element (M1 -M6) is 
at least one of an optical element (M1-M6) and an 
element comprised in a measuring system (IF). 

14. An apparatus according to claim 1 or claim 10, 
wherein the further element (M1-M6) is a moveable 
optical element supported on the support frame, and 
that the control signal (cs) causes the position of the 
further moveable optical element to be adjusted so 
asto compensate for the deformation of the element, 
in response to the at least one temperature sensed 
by said at least one sensor (10). 

15. An apparatus according to claim 14, wherein at least 
one temperature sensor (1 0) is directly disposed on 
the support frame (4) and the optical element (M1 - 
M6), wherein the position of the optical element (M1 - 
M6) is determined by the temperatures sensed by 
the temperature sensors (1 0) disposed on the sup- 
port frame (4) and the optical element (M1 -M6). 



16. An apparatus according to any of the preceding 
claims, wherein the processing unit (12), responsive 
to the sensor (1 0), provides a deformation signal (ds) 
indicative of the deformation, wherein the processing 

5 unit (12) derives the deformation signal (ds) on the 
basis of deformation data and the sensed tempera- 
ture, wherein the deformation data is derived from 
the model (180) and represents the deformation of 
the frame (4) as a function of temperature at the at 

10 least one location. 

17. An apparatus according to any of preceding claims 
11-16, wherein the projection system support frame 
(4) supports a plurality of optical elements (M1-M6) 

15 including at least one moveable optical element, the 
plurality of optical elements (M1 -M6) being disposed 
in the frame (4) in a spaced relationship, wherein the 
thermal deformation compensation unit (10, 12, 14, 
15) comprises an adjustment unit (15) for adjusting 

20 the position of at least one of the pi urality of moveable 
elements (M1-M6) in response to the sensed tem- 
perature. 

18. An apparatus according to any of the preceding 
25 claims comprising: at least one of an illumination sys- 
tem (IL) for providing a projection beam of radiation, 
a support structure (MT) for supporting patterning 
means (MA), the patterning means (MA) serving to 
impart the projection beam with a pattern in its cross- 
so section, a substrate table (WT) for holding a sub- 
strate (W) and a projection system (PS)forprojecting 
the patterned beam onto a target portion of the sub- 
strate (W). 

35 19. An apparatus according to any one of preceding 
claims, wherein the thermal compensation deforma- 
tion unit (1 0, 1 2, 1 4, 1 5) compensates for a thermal 
effect on a structure of the element (4). 

40 20. An apparatus according to any one of the preceding 
claims, wherein the at least one temperatures sensor 
(10) is located at locations(s) where the structure of 
the element (4) has a high stiffness. 

45 21. A method of compensating for thermal deformation 
in a lithographic apparatus, said lithographic appa- 
ratus comprising an element (4) subject to a thermal 
load, the method comprising: 

50 - sensing a temperature at at least one location 

on the element (4), 

- calculating a deformation of the element (4) 
caused by the thermal load as a function of the 
temperature sensed at the location, wherein the 

55 deformation is calculated using data from a com- 

puter generated model (180) of the element or 
by an emperical thermal deformation model , 

- compensating for the deformation of the ele- 
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merit (4), characterised in that the element is 
a support frame (4) for supporting a further ele- 
ment (M1-M6). 

22. A method according to claim 21 , further comprising: 

-modelling the element using a computerto gen- 
erate the model (180) of the element (4) as a 
function of temperature. 

23. A method according to claim 22, wherein the mod- 
elling includes at least one of finite element modelling 
and empirical modelling. 

24. A method according to any of preceding claims 
21-23, further comprising: 

- outputting a control signal (cs), in response to 
the calculated deformation, wherein the control 
signal (cs) corrects for or takes into account the 
deformation. 

25. A method according to claim 24, wherein the control 
signal (cs) is output to a further element (M1 -M6) in 
the apparatus causing the further element (M1-M6) 
to correct for or take into account the deformation. 

26. A method according to any of preceding claims 
21-25, wherein the element (4) supports a plurality 
of moveable elements (M1 -M6) disposed on the el- 
ement (4) in a spaced relationship, the method com- 
prising: 

- adjusting the position of at least one of the plu- 
rality of moveable elements (M1-M6) in re- 
sponse to the sensed temperature. 

27. A method according to any of preceding claims 
21-26, the method comprising: 

- disposing the at least one temperature sensor 
(10) on the element (4). 

28. A computer readable storage medium storing a pro- 
gram which when run on a computer controls the 
computer to perform the method of any of claims 
21-27. 



Patentanspruche 

1 . Lithografischer Apparat, der Folgendes umf asst: ein 
Element (4), das einer thermischen Belastung aus- 
gesetzt wird, eine thermische Kompensations-De- 
formations-Einheit (10, 12, 14, 15)zum Kompensie- 
ren einer Deformation des Elements (4) in dem litho- 
grafischen Apparat, die durch die thermische Bela- 
stung hervorgerufen wird, wobei die thermische 



Kompensations-Deformations-Einheit (10, 12, 14, 
15) Folgendes umfasst: wenigstens einen Tempe- 
ratursensor(10), urn eine Temperatur an wenigstens 
einer Stelle auf dem Element (4) abzutasten, eine 

5 Verarbeitungseinheit (12), urn die Deformation des 
Elements (4), die durch die thermische Belastung 
hervorgerufen wird, als Funktion derTemperatur, die 
an der Stelle abgetastet wird, zu berechnen, wobei 
die Deformation berechnet wird, indem Daten aus 

10 einem computererzeugten Modell von dem Element 
(4) verwendet werden, sodass eine passende Kor- 
rekturerfolgen kann, oderfurdie Deformation in dem 
lithografischen Apparat be rucksichtigt werden kann, 
dadurch gekennzeichnet, dass das Element (4) 

15 ein Stutzrahmen ist, urn ein weiteres Element (M1- 
M6) zu stutzen bzw. zu tragen. 

2. Apparat nach Anspruch 1 , der weiter eine Modellie- 
rungseinheit (1 8) umfasst, urn das Modell (1 80) des 

20 Elementes (4) zu erzeugen. 

3. Apparat nach Anspruch 2, wobei die Modellierungs- 
einheit (18) das Modell (180) verwendet, das durch 
eine Finite-Elemente-Modellierung oder durch eine 

25 experimented Passung erzeugt wird. 

4. Apparat nach irgendeinem der vorangegangenen 
Anspruche, wobei die thermische Deformations- 
Kompensations-Einheit (10, 12, 14, 15) weiter eine 

30 Steuerungseinheit (14) umfasst, so eingerichtet, um 
ein Steuerungssignal (cs) als Antwortauf die berech- 
nete Information auszugeben, wobei das Steue- 
rungssignal (cs) die Deformation korrigiert oder be- 
rucksichtigt. 

35 

5. Apparat nach Anspruch 4, wobei das Steuerungssi- 
gnal (cs) an das weitere Element (M1 - M6) in dem 
Apparat ausgegeben wird, und bewirkt, dass das 
weitere Element (M1 - M6) die Deformation korrigiert 

40 oder bemcksichtigt. 

6. Apparat nach Anspruch 5, wobei das weitere Ele- 
ment (M1 - M6) auf dem Element (4) gestutzt bzw. 
getragen wird. 

45 

7. Apparat nach irgendeinem der Anspruche 4-6, wo- 
bei das Steuerungssignal (cs) die Deformation in ei- 
nem Sollwert fur die Steuerung des weiteren Ele- 
mentes (M1 - M6) berucksichtigt. 

50 

8. Apparat nach irgendeinem der vorangegangen An- 
spruche, der weiter eine Speichereinheit (16) um- 
fasst, um das compute re rzeugte Modell (180) zu 
speichern. 

55 

9. Apparat nach irgendeinem der vorangegangenen 
Anspruche, wobei der wenigstens eine Temperatur- 
sensor (10) direkt auf dem Element (4) angeordnet 
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ist. 

10. Apparat nach Anspruch 9, wobei der wenigstens ei- 
ne Temperatursensor (1 0) auf wenigstens einer der 
Innenseite und AuGenseite des Elementes (4) an- 
geordnet ist. 

11. Apparat nach Anspruch 1, wobei der Stutzrahmen 
(4) wenigstens einer aus dem folgenden ist: ein 
Quellen-Rahmen ist, um eine Strahlungsquelle (SO) 
zu stutzen bzw. zu tragen, ein Beleuchtungs-Einrich- 
tungs-Rahmen, um ein Beleuchtungssystem (IL) zu 
stutzen bzw. zu tragen, ein Bemusterungsmittel 
(MA)-Transportrahmen, um das Bemusterungsmit- 
tel zu stutzen bzw. zu tragen, ein Projektionssystem- 
Stutzrahmen, umein Projektionssystem (PL) zu stut- 
zen bzw. zu tragen, ein erster Referenz-Stutzrah- 
men (MF), um wenigstens entweder den Projekti- 
onssystem-Stutzrahmen oder ein Messsystem zu 
stutzen bzw. zu tragen, ein zweiter Referenz-StCitz- 
rahmen (BF), um den ersten Referenz-Stutzrahmen 
zu stutzen bzw. zu tragen, und ein Substrat-Stutz- 
rahmen, um ein Substrat (W) zu stutzen bzw. zu tra- 
gen. 

12. Apparat nach Anspruch 1, wobei wenigstens einer 
des ersten Referenz-Stutzrahmens (MF) und des 
zweiten Referenz-Stutzrahmens (BF) wenigstens 
entweder aus Invar oder Aluminium hergestelltwird. 

13. Apparat nach irgendeinem der vorangegangenen 
Anspruche 1-10, wobei das weitere Element (M1- 
M6) wenigstens eines von optischen Elementen 
(M1 - M6) ist, und ein Element in einem Messsystem 
(IF) umfasst wird. 

14. Apparat nach Anspruch 1 oder Anspruch 10, wobei 
das weitere Element (M1- M6) ein bewegliches op- 
tisches Element ist, das auf dem Stutzrahmen ge- 
stutzt bzw. getragen wird, und das das Steuerungs- 
signal (cs) bewirkt, dass die Position des weiteren 
beweglichen optischen Elementes so eingestellt 
wird, um die Deformation des Elementes zu kom- 
pensieren, und zwar als Antwort auf die wenigstens 
eine Temperatur, die durch den wenigstens einen 
Sensor (1 0) abgetastet wird. 

15. Apparat nach Anspruch 14, wobei wenigstens ein 
Temperatursensor (1 0) direkt auf dem Stutzrahmen 
(4) und dem optischen Element (M1 - M6) ange- 
bracht ist, wobei die Position des optischen Elemen- 
tes (M1 - M6) durch dieTemperaturen bestimmtwird, 
die von den Temperatursensoren (10) abgetastet 
werden, der auf dem Stutzrahmen (4) und dem op- 
tischen Element (M1- M6) angebracht ist. 

16. Apparat nach irgendeinem der vorangegangenen 
Anspruche, wobei die Verarbeitungseinheit (12), die 



auf dem Sensor (1 0) antwortet, ein Deformationssi- 
gnal (ds) bereitstellt, das auf die Deformation hin- 
weist, wobei die Verarbeitungseinheit (12) das De- 
formationssignal (ds) auf der Basis von Deformati- 
5 onsdaten und der abgetasteten Temperatur ableitet, 
wobei die Deformati onsdaten aus dem Modell (1 80) 
abgeleitet werden, und die Deformation des Rah- 
mens (4) als eine Funktion der Temperatur an der 
wenigstens einen Stelle darstellt. 

10 

17. Apparat nach irgendeinem der vorangegangenen 
Anspruche 11-16, wobei der Projektionssystem- 
Stutzrahmen (4) eine Vielzahl von optischen Ele- 
menten (M1 - M6) halt bzw. tragt, einschlieGlich we- 

15 nigstens eines beweglichen optischen Elementes, 
wobei die Vielzahl von optischen Elementen (M1 - 
M6) in dem Rahmen (4) in einer beabstandeten Be- 
ziehung angebracht sind, wobei die thermische De- 
formations-Kompensations-Einheit (10, 12, 14, 15) 

20 eine Einstell- bzw. Justier-Einheit (15) umfasst, um 
die Position von wenigstens einer der Vielzahl von 
beweglichen Elementen (M1- M6) als Antwort auf 
die abgetastete Temperatur einzustellen. 

25 18. Apparat nach irgendeinem der vorangegangenen 
Anspruche, der Folgendes umfasst: wenigstens ei- 
nes aus dem folgenden: ein Beleuchtungssystem 
(IL), um einen Projektionsstrahl von Strahlung be- 
reitzustellen, eine Stutzstruktur (MT) zum Unterstut- 

30 zen von Bemusterungsmitteln (MA), wobei das Be- 
musterungsmittel (MA) dazu dient, dem Projektions- 
strahl ein Muster in seinem Querschnitt mitzugeben, 
einen Substrattisch (WT), um ein Substrat (W) zu 
stutzen bzw. zu tragen, und ein Projektionssystem 

35 (PS), um den bemusterten Strahl auf einen Zielab- 
schnitt des Substrates (W) zu projizieren. 

19. Apparat nach irgendeinem der vorangegangenen 
Anspruche, wobei die thermische Kompensations- 

40 Deformations-Einheit (1 0, 12, 14, 15) einen thermi- 
schen Effekt auf einer Struktur des Elementes (4) 
kompensiert. 

20. Apparat nach irgendeinem der vorangegangenen 
45 Anspruche, wobei der wenigstens eine Temperatur- 
sensor (10) an Stellen (s) angeordnet ist, wo die 
Struktur des Elementes (4) eine hohe Festigkeitauf- 
weist. 

50 21. Verfahren zum Kompensieren von thermischen De- 
formationen bei einem lithografischen Apparat, wo- 
bei der lithografische Apparat ein Element (4) um- 
fasst, das einer thermischen Belastung ausgesetzt 
wird, wobei das Verfahren Folgendes umfasst: 

55 

- es wird eine Temperatur an wenigstens einer 
Stelle auf dem Element (4), 

- es wird eine Deformation des Elementes (4), 
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die durch die thermische Belastung hervorgeru- 
fen wird, als eine Funktion der Temperatur be- 
rechnet, die an der Stelle abgetastet wird, wobei 
die Deformation berechnet wird, indem Daten 
von einem computererzeugten Modell (1 80) des 
Elementes oder durch ein empirisches thermi- 
sches Deformationsmodell verwendet wird, 

- es wird die Deformation des Elementes (4) be- 
rechnet, dadurch gekennzeichnet, dass das 
Element einen Stutzrahmen (4) zum StCitzen 
bzw. Tragen eines weiteren Elementes (M1- 
M6) ist. 

22. Verfahren nach Anspruch 21 , das weiter Folgendes 
umfasst: 

- es wird das Element moduliert, wobei ein Com- 
puter verwendet wird, urn das Modell (180) des 
Elementes (4) als eine Funktion der Temperatur 
zu erzeugen. 

23. Verfahren nach Anspruch 22, wobei die Modellie- 
rung wenigstens entweder eine Finite-Elemente- 
Modellierung odereine empirische Modellierung be- 
inhaltet. 

24. Verfahren nach irgendeinem dervorangegangenen 
Anspruche 21 - 23, welches weiter Folgendes um- 
fasst: 

- es wird ein Steuerungssignal (cs) als Antwort 
auf die berechnete Deformation ausgegeben, 
wobei das Steuerungssignal (cs) die Deforma- 
tion korrigiert oder berucksichtigt. 

25. Verfahren nach Anspruch 24, wobei das Steue- 
rungssignal (cs) an ein weiteres Element (M1 - M6) 
in dem Apparat ausgegeben wird, und wobei bewirkt 
wird, dass das weitere Element (M1 - M6) die Defor- 
mation berechnet oder berucksichtigt. 

26. Verfahren nach irgendeinem dervorangegangenen 
Anspruche 21 - 25, wobei das Element (4) eine Viel- 
zahl von beweglichen Elementen (M1 - M6) haltbzw. 
tragt, die auf dem Element (4) in einer beabstande- 
ten Beziehung angebracht sind, wobei das Verfah- 
ren Folgendes umfasst: 

- es wird die Position von wenigstens einer der 
Vielzahl von beweglichen Elementen (M1- M6) 
als Antwort auf die abgetastete Temperatur ein- 
gestellt bzw. justiert. 

27. Verfahren nach irgendeinem dervorangegangenen 
Anspruche 21 - 26, wobei das Verfahren Folgendes 
umfasst: 

- es wird der wenigstens eineTemperatursensor 



(10) auf dem Element (4) angeordnet. 

28. Computerlesbares Speichermedium, das ein Pro- 
gramm speichert, das, wenn es auf einem Computer 
5 lauft, den Computer steuert, urn das Verfahren ir- 
gendeiner der Anspruche 21-27 auszufuhren. 



Revendications 

10 

1. Dispositif lithographique comprenant : un element 
(4) soumis a une charge thermique, une unite de 
compensation de deformation thermique (10, 12, 14, 
1 5) destinee a compenser dans le dispositif lithogra- 

15 phique une deformation de I'element (4) provoquee 
par la charge thermique, I'unite de compensation de 
deformation thermique (1 0, 1 2, 1 4, 1 5) comprenant : 
au moins un capteur de temperature (10) destine a 
detecter une temperature au niveau d'au moins un 
20 emplacement sur I'element (4), une unite de traite- 
ment (1 2) destinee a calculer la deformation de I'ele- 
ment (4) provoquee par la charge thermique en fonc- 
tion de la temperature detectee au niveau de ('em- 
placement, dans lequel la deformation est calculee 
25 a I'aide de donnees provenant d'un modele genere 
par ordinateur de I'element (4), de sorte qu'une cor- 
rection appropriee peut etre apportee ou prise en 
compte pour la deformation dans le dispositif litho- 
graphique, caracterise en ce que I'element (4) est 
30 un chassis de support destine a supporter un ele- 
ment supplementaire (M1-M6). 

2. Dispositif selon la revendication 1 , comprenant une 
unite de moderation (1 8) destinee a generer le mo- 

35 dele (180) de I'element (4). 

3. Dispositif selon la revendication 2, dans lequel I'unite 
de modelisation (18) utilise le modele (180) genere 
par une modelisation d'element fini ou par un ajus- 

40 tement experimental. 

4. Dispositif selon Tune quelconque des revendications 
precedentes, dans lequel I'unite de compensation 
de deformation thermique (10, 12, 14, 15)comprend 

45 en outre une unite de commande (14) agencee pour 
emettre un signal de commande (cs), en reponse a 
la deformation calculee, dans lequel le signal de con- 
trole (cs) corrige ou tient compte de la deformation. 

50 5. Dispositif seion la revendication 4, dans lequel le si- 
gnal de commande (cs) est emis vers I'element sup- 
plementaire (M1-M6) dans le dispositif, amenant 
I'element supplementaire (M1 -M6) acorrigerou tenir 
compte de la deformation. 

55 

6. Dispositif selon la revendication 5, dans lequel I'ele- 
ment supplementaire (M1 -M6) est supporte sur I'ele- 
ment (4). 
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7. Dispositif selon I'unequelconque des revendications 
4 a 6, dans lequel le signal de commande (cs) tient 
compte de la deformation dans un point de reglage 
pour la commande de I'element supplementaire 
(M1-M6). 

8. Dispositif selon I'unequelconque des revendications 
precedentes, comprenant en outre une unite de stoc- 
kage (1 6) destinee a stocker le modele genere par 
ordinateur (180). 

9. Dispositif selon I'unequelconque des revendications 
precedentes, dans lequel ledit au moins un capteur 
de temperature (10) est dispose directement sur 
I'element (4). 

10. Dispositif selon la revendication 9, dans lequel ledit 
au moins un capteur de temperature (1 0) est dispose 
sur au moins un d'un interieur et d'un exterieur de 
I'element (4). 

11. Dispositif selon la revendication 1, dans lequel le 
chassis de support (4) est au moins un d'un chassis 
de source destine a supporter une source de rayon- 
nement (SO), un chassis d'illuminateur destine a 
supporter un systeme d'illumination (IL), un chassis 
de support de moyens de modelage destine a sup- 
porter des moyens de modelage (MA), un chassis 
de support de systeme de projection destine a sup- 
porter un systeme de projection (PL), un premier 
chassis de support de reference (MF) destine a sup- 
porter au moins un du chassis de support de systeme 
de projection et d'un systeme de mesure, un deuxie- 
me chassis de support de reference (BF) destine a 
supporter le premier chassis de support de reference 
et un chassis de support de substrat destine a sup- 
porter un substrat (W). 

12. Dispositif selon la revendication 1, dans lequel au 
moins un du premierchassis de support de reference 
(MF) et du deuxieme chassis de support de referen- 
ce (BF) est compose d'au moins un de I'invar et de 
Taluminium. 

13. Dispositif selon I'unequelconque des revendications 
1 a 10, dans lequel I'element supplementaire (M1- 
M6) est au moins un d'un element optique (M1 -M6) 
etd'un element compris dans un systeme de mesure 
(IF). 

14. Dispositif selon la revendication 1 ou la revendication 
10, dans lequel I'element supplementaire (M1-M6) 
est un element optique mobile supporte sur le chas- 
sis de support, et le signal de commande (cs) amene 
la position de I'element optique mobile supplemen- 
taire a etre ajustee de maniere a compenser la de- 
formation de I'element, en reponse a ladite au moins 
une temperature detectee par ledit au moins un cap- 



teur (10). 

15. Dispositif selon la revendication 14, dans lequel au 
moins un capteur de temperature (10) est dispose 

5 directement surle chassis de support (4) et I'element 
optique (M1 -M6), dans lequel la position de I'element 
optique (M1-M6) est determinee par les temperatu- 
res detectees par les capteurs de temperature (10) 
disposes sur le chassis de support (4) et I'element 

10 optique (M1-M6). 

16. Dispositif selon I'unequelconque des revendications 
precedentes, dans lequel I'unite de traitement (12), 
en reponse au capteur (1 0), fournit un signal de de- 

15 formation (ds) indicateur de la deformation, dans le- 
quel I'unite de traitement (12) derive le signal de de- 
formation (ds) sur la base de donnees de deforma- 
tion et de la temperature detectee, dans lequel les 
donnees de deformation sont derivees du modele 
20 (180) et represented la deformation du chassis (4) 
en fonction de la temperature au niveau dudit au 
moins un emplacement. 

17. Dispositif selon I'unequelconque des revendications 
25 precedentes 11 a 1 6, dans lequel le chassis de sup- 
port de systeme de projection (4) supporte une plu- 
rality d'elements optiques (M1-M6) comprenant au 
moins un element optique mobile, la pluralite d'ele- 
ments optiques (M1-M6) etant disposee dans le 

30 chassis (4) dans une relation espacee, dans laquelle 
I'unite de compensation de deformation thermique 
(10, 12, 14, 15) comprend une unite d'ajustement 
(15) destinee a ajuster la position d'au moins un de 
la pluralite d'elements mobiles (M1-M6) en reponse 
35 a la temperature detectee. 

18. Dispositif selon I'unequelconque des revendications 
precedentes comprenant : au moins un d'un syste- 
me d'illumination (IL) destine a fournir un faisceau 

40 de projection de rayonnement, d'une structure de 
support (MT) destinee a supporter des moyens de 
modelage (MA), les moyens de modelage (MA) ser- 
vant a communiquer le faisceau de projection avec 
un modele dans sa section transversale, d'une table 
45 de substrat (WT) destinee a supporter un substrat 
(W) et d'un systeme de projection (PS) destine a 
projeter le faisceau modele sur une partie cible du 
substrat (W). 

50 19. Dispositif selon une quelconque des revendications 
precedentes, dans lequel I'unite de deformation de 
compensation thermique (1 0, 1 2, 1 4, 1 5) compense 
un effet thermique sur une structure de I'element (4). 

55 20. Dispositif selon I'unequelconque des revendications 
precedentes, dans lequel ledit au moins un capteur 
de temperature (10) est place au niveau d'emplace- 
ments ou la structure de I'element (4) presente une 
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rigidite e levee. 

21. Procede de compensation de deformation thermi- 
que dans un dispositif lithographique, ledit dispositif 
lithographique comprenant un element (4) soumis a 
une charge thermique, le procede comprenant les 
etapes consistant a : 

detecter une temperature au niveau d'au moins 
un emplacement sur I'element (4), 
calculer une deformation de I'element (4) pro- 
voquee par la charge thermique en fonction de 
la temperature detectee au niveau de ['empla- 
cement, dans lequel la deformation est calculee 
en utilisant les donnees provenant d'un modele 
genere par ordinateur (1 80) de I'element ou par 
un modele de deformation thermique 
empirique ; 

compenser la deformation de I'element (4), ca- 
racterisee en ce que I'element est un chassis 
de support (4) pour supporter un element sup- 
plemental (M1-M6). 

22. Procede selon la revendication 21, comprenant en 
outre I'etape consistant a : 

modeliser I'element a I'aide d'un ordinateur pour 
generer le modele (1 80) de I'element (4) en fonc- 
tion de la temperature. 

23. Procede selon la revendication 22, dans lequel la 
modelisation comprend au moins une de la modeli- 
sation d'element fini et de la modelisation empirique. 

24. Procede selon I'une quelconque des revendications 
21 a 23, comprenant en outre I'etape consistant a : 

emettre un signal de commande (cs), en repon- 
se a la deformation calculee, ou le signal de 
commande (cs) corrige ou tient compte de la 
deformation. 

25. Procede selon la revendication 24, dans lequel le 
signal de commande (cs) est emis vers un element 
supplemental (M1 -M6) dans le dispositif, amenant 
I'elementsupplementaire (M1 -M6) acorrigeroutenir 
compte de la deformation. 

26. Procede selon I'une quelconque des revendications 
precedentes 21 a 25, dans lequel I'element (4) sup- 
porte une pluralite d'elements mobiles (M1-M6) dis- 
poses sur I'element (4) dans une relation espacee, 
le procede comprenant I'etape consistant a : 

ajuster la position d'au moins un de la pluralite 
d'elements mobiles (M1-M6) en reponse a la 
temperature detectee. 



30 

27. Procede selon I'une quelconque des revendications 
21 a26, le procede comprenant I'etape consistant a : 

disposer ledit au moins un capteur de tempera- 
5 ture (10) sur I'element (4). 

28. Support de stockage lisible par ordinateur stockant 
un programme qui, lorsqu'il est execute sur un ordi- 
nateur, commande I'ordinateur pour realiser le pro- 

10 cede selon I'une quelconque des revendications 21 
a 27. 
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